Infection of synchronized bovine fetal spleen cells with bovine parvovirus results in changes in the levels and patterns of DNA polymerases a and y during the cell cycle. The pattern of DNA polymerase a activity closely paralleled viral DNA synthesis and the production of progeny virus, and levels of this enzyme were threefold greater than in mock-infected cells during the period of maximal viral DNA synthesis. DNA polymerase y activity remained slightly elevated during viral DNA replication. Levels and patterns of DNA polymerase ,B were similar in mock-and virus-infected cells.
The nondefective parvoviruses, those that are capable of autonomous replication, require actively dividing cells in S phase for their replication (13) . The single-stranded, linear DNA genome of the parvoviruses has a limited coding capacity, and these viruses must, therefore, rely heavily on the replicative system of the host cell (13) . Viral DNA synthesis is dependent upon one or more cellular functions expressed transiently during late S or early G2 phase of the cell cycle (10, 12, 15, 16, 18, 19) . In synchronized bovine parvovirus-infected cells, a biphasic pattern of DNA synthesis is observed in which viral DNA synthesis is detected coincident with a decline in cellular DNA synthesis (10) . Since parvoviruses do not contain virion-associated DNA polymerases (3; C. Pritchard, J. T. Patton, R. C. Bates, and E. R. Stout, in press), host cell enzymes are required to synthesize viral replicative forms. Three distinct DNA polymerases have been found in mammalian cells, DNA polymerases a, f,, and y (20) . The function of these enzymes is not well understood. DNA polymerases a and y increase in activity during DNA synthesis, whereas DNA polymerase f? remains relatively constant in all phases of the cell cycle (2, (4) (5) (6) 17) . To gain insight into the involvement of cellular DNA polymerases in the synthesis of parvoviral DNA, we studied the effects of virus infection on the activity of these enzymes in synchronized cells. We report here a temporal correlation between changes in activity and in patterns of cellular DNA polymerases and viral DNA synthesis in bovine fetal spleen cells infected with bovine parvovirus (BPV).
(This paper was presented, in part, at the Parvovirus Meeting held at Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y., May 1977.) 25E
Primary bovine fetal spleen (BFS) cells were prepared and maintained as previously described (10) . BFS cells used for cell cycle studies were synchronized with hydroxyurea (HU) (11) . BPV was plaque purified, and cellular debris was removed from the inoculum by differential centrifugation. Cells synchronized with HU were mock infected with minimal essential medium or infected with BPV (multiplicity of infection 10 PFU/cell) immediately upon removal of HU at the beginning of the S phase.
To determine the levels of each DNA polymerase during the cell cycle, mock-and BPVinfected cells were collected at intervals after infection by scraping the cells into ice-cold isotonic buffer (0.14 M NaCI-0.1 M Tris-hydrochloride [pH 7.4]-1.5 mM MgCl2-5 mM dithiothreitol). All cell fractionation steps were performed at 0 to 4°C. The cells were broken with a Potter-Elvehjem homogenizer. Cell breakage was monitored by phase microscopy, and Geimsa-stained preparations revealed unbroken nuclei free of cytoplasm. Nuclei were pelleted by centrifugation at 1,000 x g for 10 min and combined with the cytoplasmic supernatant, which had been centrifuged at 37,000 x g for 20 min to free it of organelles and membranes. The nuclei suspended in the cytoplasmic supernatant were sonically treated (three 15-s bursts at 90 W) to break the nuclei, and the final preparation was clarified by centrifugation at 20,000 x g for 20 min. The final supernatant fraction was stored in liquid nitrogen until used for DNA polymerase assays.
DNA polymerase activity was measured as the incorporation of radioactively labeled substrate into trichloroacetic acid-precipitable product. Reaction mixtures specific for each cellular DNA polymerase were used as previously NOTES 259 described (3) . A unit of enzyme activity is the amount catalyzing the incorporation of 1 pmol of [3H]TTP per h at 37°C. The reaction rates for all three enzymes were linear for at least 1 h.
The rate of cellular DNA synthesis in mockinfected cells was measured by the incorporation of [3H]thymidine into acid-precipitable material (10) . BPV DNA from infected cells pulse-labeled at intervals (see Fig. 2B ) was analyzed on sucrose gradients containing 4 M guanidine hydrochloride by the method of Lavelle and Li (7) .
In parallel cultures, within the same experiment, cellular and viral DNA syntheses and levels of all three DNA polymerases were assayed from synchronized mock-and BPV-infected cells. As shown in Fig. 1 , DNA polymerase y activity in mock-infected cells increased in parallel with cellular DNA synthesis. In contrast, DNA polymerase a activity increased during S phase, reaching maximal levels after the peak of cellular DNA synthesis. DNA polymerase ,B remained constant throughout the period of the experiment (Fig. 1A) .
In BPV-infected cells the synchrony of cellular DNA synthesis was the same, but the pattern of DNA polymerase a activity differed markedly from uninfected cells (Fig. lA and 2A) . Polymerase a activity increased more slowly during S phase, but by 12 h exceeded the activity observed in mock-infected cells and continued to increase through 20 h postinfection. At this time, the DNA polymerase a level was about threefold higher than in uninfected cells. The y polymerase activity closely paralleled that in mock-infected cells but remained slightly elevated to 20 h postinfection. Levels and patterns of DNA polymerase ,8 did not differ from those described for mock-infected cells ( Fig. 2A) . Although the absolute values of each DNA polymerase varied among experiments, the patterns of activity of each enzyme during the cell cycle were consistent with and similar to the data shown in Fig. 1 and 2.
Parris and Bates (10) reported that cellular and BPV DNA syntheses are temporally separate during the cell cycle. Viral DNA synthesis was not detected until cellular DNA synthesis was decreasing to background levels. In our experiments, maximal levels of viral DNA synthesis were reached at 16 to 20 h after infection (Fig. 2B) and y activities were determined immediately before and at 4-h intervals after removal of HU. Composition of the DNA polymerase reaction mixtures has been described (3). DNA polymerase a was assayed with activated calf thymus DNA as template, and DNA polymerase y was assayed with the homopolymer template polyriboadenylate:oligodeoxythymidylate. In each case, the contribution of DNA polymerase ,B to the assay was measured in the presence of 10 mM N-ethylmaleimide and was subtracted from the total observed activity. DNA polymerase ,B was assayed with activated calfthymus DNA in thepresence of 10 (17) in synchronized HeLa cells. In these cells, DNA polymerase y increased prior to and in parallel with cellular DNA synthesis, whereas DNA polymerase a increased during late S phase, reaching a peak after cellular DNA synthesis was completed. DNA polymerase ,8 activity remained constant (17) . The function of eucaryotic DNA polymerases in DNA replication remains obscure, but the changes in cyclic patterns of these enzymes in synchronized cells may provide insight into their function and possible role in viral DNA replication.
Of particular interest is our finding that a enzyme activity closely paralleled that of viral DNA synthesis and production of progeny virus in BPV-infected cells. We believe that the elevated level of polymerase activity late in the cell cycle of BPV-infected cells is cellular DNA polymerase a, since the assay procedure that we use is selective, and since antibody prepared against bovine DNA polymerase a inhibited that activity 80% at the highest level of antibody used.
Studies similar to those reported here have been performed using papovavirus-infected cells to determine which of the cellular DNA polymerases is involved in the replication of polyoma virus or simian virus 40 viral DNA (8, 9, 21, 22 ). In each case, the levels of DNA polymerase a increased after infection of resting cells with these viruses, and the pattern of enzyme activity closely paralleled that of viral DNA synthesis. Narkhammar and Magnusson (9) determined that levels of DNA polymerase y also increased in polyoma virus-infected cells and that the maximal levels of this enzyme occurred during the peak of viral DNA synthesis. Since polyoma virus infection of nondividing cells leads to an induction of host DNA synthesis concomitant with the onset of viral DNA replication, it is difficult to prove that DNA polymerases a and y are directly involved in the synthesis of polyoma DNA by making a temporal correlation. In contrast, BPV DNA synthesis is separated temporally from that of the host cell (10) . This allows a temporal correlation between viral DNA synthesis and changes in patterns of DNA polymerase activities in infected cells.
However, we recognize that a temporal correlation of these events does not provide direct evidence for the role of DNA polymerase a in NOTES 261 the synthesis of parvoviral DNA. Further, since the levels of DNA polymerase y remain slightly elevated in infected cells ( Fig. 2A) , we cannot rule out the possibility that this enzyme also plays a role in the replication process. Arens et al. (1) have isolated both DNA polymerases a and y from adenovirus replication complexes, which suggests that both of these enzymes are involved in the replication of adenovirus DNA. We are presently examinining BPV replication complexes for associated DNA polymerase activities.
